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The near—millimeter wave (N~ff.IW) region of the electromagnetic
spectrum may be defined as that region between 3.2 and 0.3 in wave—
length (or equivalently between 9)4 and 1000 GHz , or between 3.1 and
33.3 cm 1). This region near 1 mm is considered to be a unique region
because its components and techniques are hybrids of the microwave and
infrared (IR) regions that bracket it and because its atmospheric
transmission windows permit reasonable propagation under adverse con—

:1 ditions. The justifications for military consideration of N!~4W sys-
tems involve complex technical questions (1). Briefly stated, they
arise from requirements for various “imaging” and radar systems which
can operate under all weather conditions and the environment of
battlefield smokes and dust. With a judicious balance of parameters,

>— NNMW systems can combine the propagation advantages of the microwave
~~~ region with high resolution that is characterist ic of IR and optical
C~~~ 

systems.
This paper reports on new systematic diagnostic procedures devel—

L.LJ oped in part at The Harry Diamond Laboratories (HDL) for obtaining the
_J basic molecular information necessary for modeling and scaling the
~~~ operation of known photon—pumped N~ 4W sources and for prediction of

____ new NMMW emission and associated pump frequencies. Our procedures in-
volve the use of tunable lB diode lasers to reveal important details
of previcusly unresolved molecular absorption lines. The sub—Doppler—

____ width resolution achievable with these lasers has permitted us to ex-
tend into the lB region a combination of accurate heterodyne and Stark
absorption techniques prevIously employed routinely only in microwave
spectroscopy.

First , the basic physics of photon—pumped NTv!MW sources is ex-
plained. Then the instrumental configurations involving the frequency
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tunable lead—salt (PbSnSe ) diode laser are discussed , with emphasis
on het erodyn e an d Stark spect roscopic techniques used at HDL . The
results obtained from studies of CH 3 F , ~~C , an d C~i~ C1I are presented ,
and the relat ionships to N~ 4W generation are given . New N~~1W t’req—
uencies in at:r.oz~pheric windows are r redicted .

Photo n—Furiped NNMW Sources
Photo n—pumped N~ ’!W sour ces ope ra te Eon the principle of obtaining stimulated NMMW 2

emission at a Nl’~MW frequency in a gaseous
molecular medium . The NNMW output freq- E

3uency may result from a laser population
inversion emission or a Raman emission .
In either case , as il lustrated in FIg . 1, R
it is necessary to find an lB emi5sion
transition , by , which closely matohe~ the E - E
molecular absorption ener~~ , H2 — H 1. 2 1
The frequency separation between pump and
absorption should be within about 1 Gli:
fo r pulsed NMMW output and within 100 MHz
for cv N~ 4W output . E

Conventional grating spectrometers 1
do not have adequate resolution to
determine accurately the frequency sep—
aration of the pump emission and lB Fig. 1. lThThiW Photon
absorption. However , tunable lB diode pumping scheme.
lasers, with a resolutIon over 20 times
t1 at of conventional spectrometers, can resolve lB spectral lines to
less than their Doppler wi dt h , whIch is typically between 50 and
100 MHz for lB molecular t ransi t ions near 10 urn ( 1000 cm 1 or 30 x
1012 H:). This is illustrated in Fig. 2. The upper portion shows the

S 
survey scan spectrum obtained with a conventional spectrometer for the
gas CH 3F at a pressure of a few torr (2). The lower inserted oscillo-
graphs give our results obtained with lead— salt diode lasers. I~i
these oscillographs , the upper t races co rre spon d to the CH 3F abso rp-
t ion versus frequency , and the high resolution of  the diode laser much
detailed absorption s tructure is displayed where only 3inglet cr
blended band structure occurs in the conventional spect rum. The re~ u—
larly spaced near—sinusoidal lower traces in the osoillographs corre-
spond to periodic transmission maxima spaced by 1)475 MHz (0 .0)4 92 cm 1’

~;
these curves result from the variations with diode laser frequency of
transmission through a Ge bar , and are used to calibrat e the frequency
scale .

A complete understanding ot’ a ph oton—pumped N~ ’IW source requires
( a )  identification of the quantum numbers associated with the ~roleou—
lar transitions ; (b) measurement ot~ th e Crequency d i f f e rence  between
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Fig. 2. Co~~arison of conventional spectrum (upper trace~
and tunable diode laser spectra (~.cwer traces~ for CH 3F.

photon pump and molecular absorption ; ( c )  measurement or’ lB line
shapes , line strengths , t ransit ion rates , and pressure broadening
effects ; ( d )  related conventional molecular spectroscopy ; (~~) relateo
N1~ IW spectroscopy . Our lB measurements have involved the ~‘i rst three
items, and we have drawn from other publicat i ons for the other infor-
mation . The rest of this paper describes our techniques and the ap-
plication of our results to the molecular t rans i t ions  of NNMW sources .

Diode Laser Spect rometer
Our f irst  diagnostic step in s tudying a N~ ’1W sits ~ as t o  cht~t i ~ i

the ultrahigh resolution IF spectrum in the  region or ~ in te res t .  ~~s
procedure usually revealed import ant feat ures or’ ~ r e v iou s l y ’.~x ; o ’. v~~ i
absorption line ~t .ructure . The :‘esults o:’ conv e n t i o n a l  ~pect .r sccpy
often provide useful experimental and theore t ica l  ~uldes as t o  what
one may expect . Indeed the operation of tile diode laser may be com-
pared with the operation of a microscope with very fti gh resolution ;
without conventional low magnification informat ion , it may be impos-
sible to interpret the high—resolution structure .

The diode laser spectrometer is shown in FIg.  3 . The ~t’ad-salt
di ode laser was fabricated by Laser Analyt ics  and typica .1 ly pr oduc ed
several hundred micr ow at t o  or’ power in each o f ’ aPout. s i x  p r i n c  I pa

a
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The continuous tunIng  range of a 
~~~~~~~~~~ ~~~ ~ :::~gI ven mode was about 0.3 cm 1 

~~.o-i~s5-
~1 

,~ ~~~~ - -  t
wider trtese conui t ion s .  However ,
the useful ~iode— laser tuning
range was ext ended by 1)40 cm~~ Fig. 3. Schematic diagram or ’
to hi~her :requencies by allow— diode laser spectrometer .Ing tzie liquid—He to evaporate
and the dewar to warts up slowly , or by mounting the diode in a closed—
cycle variable—temperature cryogenic refrigerator. The refrigerator
kept the diode laser at temperat ures between 10 and 77 K wi th  -t 3hcr t
t e rn  :;t a h i L lt y  better than 3 x lO~~ K. These temperatures allowe d
the  .Iicde laser to be coa r se ly  tuned f r om 1030 t o  lIlod cm~~ . Py ad-
j u s t i n g  the laser current , the f requency could be f ine tuned at the
rate of 10 MH z/nA . As the temperature was increased , the threshold
current also increased , and fewer nodes operated , hut the current
tuning range of these modes increased to about 1 cm~~ .

The radiation from the diode laser was f i r s t  passed through a
~—m monochromator used as a narrow band—pass filter to select a prin-
cipal laser mode . A beam spli t ter  then passed one portion of’ the
radiation through a ~e bar etalon employed for  t~ie calibration of
optical frequency differences , while the second portion of the radi-
ation passed through the gas absorption cell (3). Two separate
HgCdTe detectors simultaneously received the radiation passed through
the etalon and the gas cell. Typically , a sawtooth current ramp of
about 0.1—A amplitude with a frequency of about 100 Hz was applied t o
t he di ode laser to sweep its output t’requency . Direct video presen-
tation of the molecular absorption and the etn ~ on channel spectrum
was given simultaneously on a dual—bean oscil loscope for the  warm—up
exepriments.  Whe n the diode was mounted in the  cr yo ge n i c  re frigera-
tor , a choppe r and lock—in ampl i f i e r s  were used t o  present the md ci ’—
ular and etalon channel spectra versus diode Thscr  current on an X— Y-

S Y’ recorder . Absorpt ion—line separations were measured by comparison
with the periodicity ( lit 7c MHz )  produced by the etalon . The gas
sample cell was 30 cm long. Measurements were made at various pres-
sures between 0.1 and 10 torr .

The search for a par t icular  molecular absorption line proceeded
in the following manner. As the diode laser t emperature slowly in-
creased , a manual scan of current between 0 .2 and 2 A was repeatedly

I 
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The sswt oct P rsr~p ~t c wa s  t~~~’ li ed , and wide  pe t rs . mt ’ t e s Ii
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1. .t.~r In c tne se a r ch .  N a r r o w  a.. i t~ were t h en  i nse r t ed  t o  1is~
r intl n a te  a~~~t i n st  ~~~ t : o5~es wne!1 was  ~c Fed n :’
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rori t ’t . c F • F I g .  -~ shows the  t. rac  I :~gs ~ ~ 
. , I

obta ined  from the p l ot t e r  ou t p u t  of ’ ~ I I?

the  12 t ines  of the  ~ (J = l_’ , K K — 3  K — 147S *~m u lt i p le t  of ’ CH 3F. This is si milar K - S  “ Si4S* cm~
to an oscI .llog raph In Fig. 2 , except \ ~\ /\ ‘\ \ ‘\ \
that  In  t P~ s f igu r e  the frequency \~ 

‘ 
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\~~ \~ \~a~ e is ...~ t e  linear and InLreab es
towa rd t he’ r i gh t . .

Fig .  ~. Absorpt ion ec t r~ m
~I ode ..asc r Pe te ’  roi~’ne r~ o t ot~tt’ te r . —

~~t V 3 ,  ‘t ~¼J  — , K rar t s . —A lt  ough the  expe ri cut  al 
~ ~ of ~‘P 1F I. apper race

v”at ~t fl’efl t L. .., C i t  U i.. P.1111 C I C .1’
p r o v I d e  r emarkable  t’— Dop p ler  1~ ( l owe”  t ’~it ce
:‘esolt.t ton , i t  cannot he used to
measure t h e  frequency d i f f e r ence  between a nolecuTh r abso rpt  ion and
the  phot on—pump laser emission t r ans i t i on  which must he obtained for
N?’~’1W t i a g n o s ti cs .  Si nce the  pumping laser is usua l ly  a 00’ laser ,
and s ince the .  frequencIes of th is  laser have been measured to h igh
acc uracy , a bea t—note  or heterodyri e measurement of the pump laser w I t h
the 5lIode lase r frequency centered at a molecular absorptIon can de—
termine tne  absolute  frequency of the molecular absorption. Fig. ~
Is a schematic of the experi-
mental arrangement used at HPL .
Information regarding previous 1
related experImental procedures
may be r oun d in Be ts. I .~ 

I and ~ ——-~~~ •1 c )~ For heterodyn e measurements , -~~~~~~~~ :~ :~ ~ 
— : m~~~~_

_ 5 _ _  ~ ,• S .

the diode . aser was mounted In
-,t h e  cryogenic r e f r I g er a t o r .  As .~~~~~ “ i.

be fore , f i n e  t un i ng was ton e by ‘
~~~~ :~~ 

-
.

adj us t ing the  tn~ ect ion ourrent . ~~~~~~~ .. ,
The diode laser output was cx—
ternally chopped and sent to a
beamsplitter. Approximately 

~ ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ of ’
o0~ of t he radi at ion passed diod e laser heterodyn e s rec t ro —
through a monochromator t o  e l m — met e r.
m ate all but . one l o n g i t u d i n a l
mode. The output r’adi at ion was made t o pass ~~~~~ t he gas c e ll and
then onto  t h e  Iig ~’d Tc det .  cc t .o r . The 51e t cot  e l t l 5 .
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:‘~~t in o a l o o k —  In u::p 1 :‘i et’ , tn .1 I t  s out  pu t  wa s :‘ed in t o  he ‘i c h a m—
S me I o r ’ an X—Y—Y ’ :‘e5’or Icr’ whose X a,~: s wa s t r ’.ven ‘ts a l imea t ’  futtot ion

o i’ me sl ow  l\ ‘ m a a c i n g  ‘ . ~r— I ¶ ‘.s~in g  5- ’. e i : t  . :he .. ‘ ncr  r o r t  ion
o f  t h e  . iio .~e — l a s e ’r  r a l l a t  :om w a s sent  t o  sa ~‘~V Yc~ e ’I H g . ’d Te i,hotc~
‘:1 \ I ’r I, lb am I’ . I It P of  ~~0 “P :  ‘I tn o~ e:’ ’~~ ’~~~~: ‘t~’~t i a o

1 ‘o t l — ~~o c i l l  it or l . tso r ~~ .t .‘‘: I ~,: a :.o I t ’ ~~ 1 aser
whose fr eq u ency cou ld  be adj ast e~t t o  Ic ‘lose so t hat of t h e  molecu l a r
a b sorpt ion l I n e  by use of an in t r i t c a v tt y  di :‘ f r ac t i o n  gra t ing.  The
laser was set to l in e center maximizing the ou tp u t  powe r with a piezo —
electr ic  t ransducer .  Although the gain p r o f i l e  and thus the absolut e
laser t’requency are uncertain because ot’ the pressure of the lasing
gas mIxtu re , t h i3  u nc e r ta i n t y  is leSs t han 2 MHz (~~~. The short—term
frequency s t a b i l I t y  of this CC~ I aser was measured to be better than
1 MH z :‘or r e r i o d s  of severa l. m inu t e s .

‘he r f s i gna l  :‘:‘cm the photoir~Ix er w a s  ampli :’ie~I by a low—noise ’ ,
w i I ~ band ampl i f i e r  and was d e t e o t c i  w i t h  an HF model 1.lT spectru m
an al.;., :er system operating as a :t a : ’ row — btu:d  ~0 0—k H:  f i x e d — f r e q u e n c y
receIve r , t unat’ Ic between O sad 1.2  1 H z .  Vt Iec cut t ’ut  at the  c o rr ing
frequency was d e t e ct e d  w I t h  a sec ond  l o c k — i a  ~um r I i f i er  whose output
was apr l ied to th e Y ’  ch annel  of th e  r e cc r 5 l e r .  As t he  d iod e — l a s e r
frequency was tun ed toward the ~‘2~ laser :‘requency , the beat n ote
frequency decreased. When t l t l s  fre q uen cy equaled the preset spectrum
analyzer detection frequency , a marker was produced in the Y ’  channel.
After the  diode—laser frequency passed through the C0~ laser frequency
and the i r  difference again equaled the setting ot’ the spectrum ana—
lyzer  detect Ion frequency , another marker was generated. Thus we
could measure the  frequency d i f f e r en c e  between C0~ laser line and a
molecul ar absorp t ion  l in e by comparing the  absorption and marker
traces of the  recorder .

Fig. ~ shows the result of one
experimental run f or  E~.C. The upper
t race ’ shows t h e  output from the de—
tec tc ’:’ t hat measured the absorpt ion 

S

of the diode laser ra5l! at Ion by the  :
‘ ‘O gas ; the lower t race shows the ‘

frequency markers generated by the
heterody’ne system. This run was tor
the abscrption 66 -

~ 5~~, 6~ -
~~ 55 and

-.
~ t~_ 3  near the ~)P 32 00-, laser

line. High—resolution grating spec— I
troscopy had placed the 7_ i f~_ 3  1~

—-
~

—- ~~~~ -- -~~

absorption 1770 MHz above the
b 6 -

~ ~~~~~ , b 5 55 absorption (7~~. Fig. t’. D20 absorption (upper
In Fig. o, the 6 6 ~ ~~~~~

, t~5 trace~ and frequency markers
absorption is 1177 MHz below the ~.lower trace

’.
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CC~ laser line , w h ile  the 7_ j  ~ r~_ 3  absorp t ion  is 5u5 MHz above t h i s
.i re .  To reduce errors  ar is ing r’rorr the ncnlinear tu nin g  ot ’ f requency

w i t h  cu~-r ent , we subsequent ly  produced markers  s l I~~ht ly  below and
sl ig ht y above each absorpt ior .  l ine  by ohttn~~ing the s p e c t ru m  an a l y z e r
d et e ct i cr .  :reLluency bl ’ 100 MHz dur ing  each ru n .  1~’i t ii t hese  C C —M h :
market’s bracket 1mg each abscrrt ion , we im t e r r o  l a t  e l  cv er I ’ 0  ~-~H z t o
:‘ind the absorrtlom :‘req- ~emcy and t h u s  t tvoi  led ext :‘apolat ions  over
several hundred megahertz.

We checked the frequency
calibration of this system by corn—
paring our data with high resolu— I I I

tion data taken by other complex I
spectroscopic techniques . These
included not only the 5~ 

-~~

t ransi t ion of D~0, but also I

several lines in CH 3F ( 8 ) .  Fig.

t he L2 K~ t ransi t  i~ n of CH 3F. A c u ~.

~y interpolation , the 002 laser 
___________

9P20 l ine lies 53 MHz above the I
S , — X  MN~~~~~~Q(l . , 1) ana 51 MHz below the

~ (i2 , . ) , in agreement with pre-
vious results (8 ) .  The error

~..n our measurement s is ±15 MHz Fig. 7. Heterodyne spec troscopy
(± 0.0005 crn 1) .  The frequency . or’ v 3 ,  Q(J  = 12 , K~ t ra ns i tio n s
instability of the diode laser in CH 3F.
caused by the mechanical and
thermal fluctuations of the refrigerator comprises the largest ccnt l- i —

bution to thi s uncertainty .

Diode Laser Stark Spectrometers
The application of external electric f ie lds  to gaseous molecules

is co~~on in microwave absorption spectroscopy where the high resolu-
tion of microwave components permits detection of  small changes in
transition frequency caused by the Stark effect ( 0 ) .  Although Stark
fIelds have been used to tune IR molecular absorpt ion frequencIes
through nearby laser line frequencies , until the present work , no
publication has reported entire resolved Stark components in H
absorption spectroscopy .

A Stark gas absorption cell was constructed with metal plates
10 cm wide by 36 cm long separated by 0.203 cm . This cell could be
substituted for the gas cells in the experimental arrangements depict—
ed in Fig. 3 and 5. The usefulness of the Stark effect arises from
the ability to assi~~i directly and unambi guously the quant um numbers
corresponding to a molecular transition t’rom the  pattern of new ab-
sorptIon lines which result when the electric (E— ~ field Is applied.

I 

- ---~~~ .—- ---- ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - 
- - - -—-



*SATTLER, WORCHESK’X , HITTER ,
~lM0N S , & H ESSLEH

:r. Fig. ~ is shown the observed
structure cbtained when static
f ields  were applied to  a v1.,
B ( J  2 , K = 2 )  t r an s i t i o n  in 0H 3 01!

~~~~~~ s 
~~~~~~~~~~~~~~~~~~~~

quantum nuinb~~rs , E , corres;cnding E11 207 cm1 J~A,v\rto the ‘r 5~ction of the rota— 
V V V

tional q itum number , J , on the
“symmet ry ’1 axis of the molecule , ~~ I L
could be readily assigned since
K = 0 li.ies showed no resolvable

- - Stark spli t t ings, whereas other E i~~ 2070 V cm”
lines showed well—resolved linear
or quadratic Stark effects. Stark
effectF, it’. CH~ 0H and OH 3F have .~~I I !
‘been st udied and are discussed 1475 MHZ —H F—o.493 cm’l
below.

Spectroscopy of CH 3F Fig. 8. Linear Stark effect or.
S Methyl fluoride is considered V1.,  B (J  = 2, K = 2) transitions

to be an important N~ ’iW and sub— it’. CH~0H showing observed and
millimeter wave (S?~v1W) molecule calculated patterns.
because strong (13 mW cv and 10 kW
pulsed) output power is obtainable at 0.~~96 mm wavelength. This radi-
ation is given off when the V3, ~(L2 , K = i ,o) transitions depicted
in Fig. 2, ~~~, and 7 are pumped by the 9F20 line  of a C02 laser (10).

S We made a detailed examination of the ~ ‘branch of the v3 funda-
mental band of CH3F (ii). Fig. 9 shows typical dual-beam oscillo-
scope traces . The lover trace contaIns the regularly spaced maxima
and minima of the etalon channel spectrum. The upper trace displays
the K—structure of the ~ (J , K) absorption lines for J = 3 to 6. These
lines are identifIed according to the symmetric top model where the
quantum number J refers to the rotational angular momentum and the
axial quantum number K is the projection of ~ zn the 0-F symmetry
axis. For Fig. 9 and 10 , frequency increased toward the right and
gas pressure was about 0.5 torr . Some nonlinearity in the diode laser
frequency ramp occurred at the start of each application of the saw—
tooth current ramp (toward the left of the f igu res ) ;  also , there were
flyback discontinuities (at the edges of each trace). A better re-
solved picture of the ~ (5, K) quintet appears in Fig. 10, and pictures
of the Q(12, K) multiplet appear in Fig. 2, ~ and 7.The extra line near t he Q( 12 , 7) line is the P(i, o)  line. This
ha4 been verified by a Stark measurement. The P(1, o)  line undergoes

1
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‘. :~i~\i t~ L a s er  ~,1’an of
t’e~~i or, of several ~ • K I ines . ~~ = , K -~ui nt  et

a ~tdrnt :c Ot ark shi  f t  ~ntd  ha s  been :‘ound be shi  ed by —~ C MH~
w i t h  ~pp ’_ i c a t i o n  of a :~t~t r k  :‘ie ’,d of  ‘ Vo::: , in  e x c e l  L e n t  agree—
r.er .t w i t h  our ca lcu l at e d  f t  of —~~~~~ M h .  . As s  uncut  o:’ the ~~~ ne —

t ’io  t op  quan tum n uz*ers J and K is i rt i c ul ar ly  easy fo r  ines w i t h
2 t n  the •~ branch because th e  i nt e n sit i e s  genera l ly  f o l l o w  the

H onI— Lon don  ir . t en si t y  ru les  12) • and nost of  the  lir ,es  are w~~L 1 sep—
arated with J lines correspcr.Jing to  the  K—values  being v is ible  it ’.
each nultiplet . The K I line is at the lowest frequency of th e  J
mul t ip let , and i t n e s  of incr easing  K — v a l u e  appear at correspondingly
increasIng frequencies . Also, lInes w it h  K—values that are evenly
divisible  by thr ee  are st r on g er  than adjacent Ii;tes in accordance
w i t h  the statistics arising from nuclear exch~uige synmetry tl2~~. As
J increases , the st reng ths  of  t h e  K = 1 and 2 lines -ti~ inIsh , and t h e
varying intensities help to conf i rm the  l in e  ass i gn m ent s .

We have also obt a~r .ed spe ct r a  of several F- and H—branch L in e s .
Lu accordance wit h the Hot ’. I—i  or ,dot’. I r .t ens i t  y :-u es • the I inc  s of ‘, cw
K are of greater  I n t e ns it y  than the  high—K lines I:’. :1 mul t ~p I c t

t appea rs t h a t  t h e  ow — K L i ne s , especia l ly  K = ~ and I , ar e l ess
than a l ine  width ap art  , and there r’ore only  — di r ,ot  I nec ap—
t~ear for the P branch , and 2 5ii s t  lact ines appe~u. ‘

~~~~
. he H

for j  “ 0.  ThIs behavlcr is con s i s ten t  w i t h  t h e  sp ec t ra  calculated
from reported values of  the v i b r a t i on — r ot a t i o n  parameter.; and with
line assignments based on the Increased st r eng t h of ~iz tes  wit h  N even-
ly divisible by three . Ir. the F and H branche s , as in t b e  ~ branch,
the frequency increases with increasing value of K.

I r ,  Table 1 are presented the m easur e d  and calculat  ~‘d wi d th s  of
t he’ .~—br anch  mud t it ’  l et s  . The wi dt h o:’ each 2 :n~ I t  I p le t  has been

I



WCHChF .’N’~, F ’TEH ,
!0~~~S , H E ~~~ EF

T a bl e  . Frequency e’oaratior. Table ~~~. Frequency  Sepa r at l rn
Eetween .~~~~~~~ , K = 2 )  and .~(s , K = I)  ~et’.’eer. .~( T , K 1) an~i .~(J
ines

¼
~e 3 s .,~ . . , r øn s - - s r - ’ - r - : ’ ,, .  ., ,. 

~
- -

S .- - .., 
- .1 -

2 ~~~~
. : 3 2 - .’

44 ‘ —~-4 -~
‘ 3 22~ ’ - :20 ~~

- - -

S :Jb ~ ‘ 23 ~~: - 20 2 -

~5~ 1 ‘ ~3 1’ -4~ • ~ 34 S :5~ : :’ L- -

‘ 2223 4S~ 24 ’  — - - ~~~~ 
2 4 4

3 ~~3~~’ 2 ’ ~~3 ’ 4 : 1 :~~~‘ - .oo

:0 5 ’, S ;  ‘ — ,‘ c- - - - - - - “ 
-

• .2  ~ - 4  1 :2  -0 4 - _ _ u  j  -

- .  - ‘ , _4 - : : 2  - 4  
- -  - - 5  - - 5

_ _ __ _ _ _ _  

_ _-

a 1 a~eu tb ~a~ ane~ evs r -~e

_easured as the separat~~ n between the .~ ~ an~ r~ Lcnpcnent~~.
a similar manner, Table Il gives the separation of adjacent multi—
plets. No attempt has been made to extract best—fit constants from
our data on inter— and intra—multip et line separations. Our experi-
ment al errors of about 100 ~~ z are caused in part by th e low finesse
of the etalon , by laser r adia t ion of nearby parasitic modes , and by
changes it ’. the laser pcwer output and tuning rate wi th  current . The
increasingly large errors in the calculated separations occur because
the vibration—rotation parameters that are not well known are multi-
plied by big integers fcr large values of J and K , thus increasing
the relative error.  For example , the calculaticn of the pcs~ t icns
of the P(l , o)  and .~(2 , 7) lines , which appear clcse together in
Fig. ~~~, is not reliable er.cugh to distinguish the lines. Nevert he-
less , the diode laser spectrun consisting of regularly increasing
spacings of the Q(l , K) lines IndIcate that the ~(L , ~ l ime should
be at a higher frequency than the F(i, 0)  l ine .  This in form.aticm Is
consistent with our Stark experiment .

The agreement between cur measurements and the calculated spectra
is within experimental error , except for the ~ (L , K) multiple where
the measured width seems slightly large. For low values of 2 and K ,
the .ine separations obtained by using the published values of the
vibration—rotation parameters are ‘believed to be about two orders of
magnitude more accurate than we can measure with the dIode laser.

_ _ _ _ _  ______ - 
-
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Th i s  accuracy Is not surprising since the experiments (~

) and ( 13)
have enco:  -assed  a large nun h~ of very accurate data relatin g to
lines of low J— and K — v a l u e s  In  the Immediate  vicinity of available
CC- . laser l ines . Neverthe less , the diode laser Is very useful for
those regions of the spectru m where it is not possible to extrapolate
the results of other experi ments.  Our recent calculations based on
s u c h  data predict three new ~~~~~~~~~ that  shoul d result from photon pur1p—
i : g  w i t h  i sot o p ic  0( 2 lasers . The predic ted  outputs l ie  in a tmosp h er i c
~~
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~~~~

2
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t-t ’t wt’t’t: C - 7 and I

~‘ ; co t  r c scc rv  of -.7

~-c a vv  water i s  an i:::-ort ant NM-~W and f~~~ ’ ‘r r o l t ’cu t e  because whet.
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- gas  : - - o : c  d I h a T~ A CC— I ‘is e r , K i i  owat  t s o f out put powe r
r~- c u I t ( I C  . 1 c l u e’ ht ’t cr c y::t ’  ~ e c h u i s u e s  • we ha v e r e as ur ed he
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~
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c I t -n o v  ot ’ t h e  P-. O ~C~MW
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1’ nt - 5’t ros copy of Cb ~~~
“let by 1 a I cohol prov j des more LC’~’%’ tu:5o ~‘L- lL-~ I rans it  ions I bai t  any

her mcI e cal e ( 10) . Its st rito t are corr ~- pon ds t o  a cl  if Itt ly asytr—
ot : ‘i c t o p , ~ir:d the  vibri-it i ct :at  n i u s i t  ion of ~nt erect for opt ical

is the v~ v i br a t i on  a sso c i a t e d  w i t h  t h e  C—C stretch. The
cont’ l ex i  tv  i r :t  rc5n:oed by the reduced sy m n et r y  is co:r:pouraied by a
crc I otial not ion of the 0—H group . Fig. 11 shows a comptini sot: of

the  d i f f u s e  st r u c t  iire of the convent i onal sp ect  run ( insert  and the
R( 5)—malt ip le t  as ob t a i n e d  wit- h t he  diode Laser. It Is  al so  in f o r m —
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and. F : : a i t i r l et s  wa s made o:2_ v - •- • -- • 
~~~--~~~ ‘- S - • _ s ~~~~~~~~~~~ ’after hundreds of data runs of

svec tr a  we re taken and, fItted
together. This r i ecewise  p r o —
ced,ure was ne ce s s i t a t e . I  be — - - - -

~~~ 
o e ~~~~e ~~~~~ ~

the diode  ‘ a - r e ’  made It  ii f f 1 —  ~~~ = — 
- •..u~~~ ~~~~~~ ::~~

to obtain c on t in u o u s  sp ect r a l  run s - cver ra:- ~g es ex~~~edIt:~.’ 1
~‘u~~~in l e t s  ::a ’.’e been i d en t I f i e d .  ex~~ nuin~ f r om the ~~~~ ::ear

‘hr:u~ h the ~ i-ranch to the F(1 ’ near  IOIT .

:tents of th e  ~crsicna - I u a n t u n :  nunbe t ’s  t and.  t a n d .  t h e  r o ta t i or c il
~-uant art ::uru -e: ’s C and. K fo:’ c e r ta i n  l ines in the F and. F nultip e: s
h av e  bee:: made nc-ssib e ‘nec’iuse of the cons~ ant w i d . t h of the multi—
:‘ et s, the similarity of the s t ruc t  ures  of a~~~aceat  t a t  inlets. and.
our Ct ark meas-::’errents. Fines in the F and. F branot-. of the v~. band.
wIth 2 were identified. by iirect observation in. absorrtiou of the
Stark pat~ errt s rrcduce-d. when the static K— fields were atr led to the
gas with F e i t h e r  paral le l  or p e rr end icu lar  to the Li::ear pclari :atior .

~
t’ the d.ic’d.e laser  r~.dIat Icn . The K—values could be ux :anb igucusly

assigned s ince  the  K = C l ir ~es showed no r e s o l vab le  S ta rk  s r I i t t i m z .
whe reas o th e r  Lines  showe d veT re solved l inesr  or ~u ad ra t i c  Sta rk
e f f e c t s .  Fi~~. 1. shows ~he quad.:’atic St ark e ffect  on the FcC = I,
-
~ 

= C . K = 1, r = 3~ asytmetry—~ rlit ra in  of l in e s,  The agreement
between the measured s r li tt ia g  of 211. ~~: and cur’ theoretical ct2:ca—

at ion  of l~~ l’~iz is within. our experimental uncertai::ty o:’ 30 LCE:.
• This result allows us to mak e ut unanb i~tucus auan t um number  assiCr .ment

for these lines. exanple of a Linear Stark snllttin.g is showi: in
Fig. 3. ~y sarerinrosing the va r iou s  F~~~’ m u l tir et s , by u s in g  the
heterodyne :‘esults , and by ccmp aria g the stnilarities of s t ru c tu r e .
we have ~iven at’. absolut e frequency scaT5e t o  t h e  F~ CF. spect rum an d
have establI shed the i d e n t i f ica t i o n s  of t he  K—value s  in. t he  m u lt ip L e t
as shown schematIcally in Fig. 12. The assignments for the .~ = ~,
and 2 nult tp le ts  are ccr . f lrmed by St ark spectra , and the assignments
in the hisher ~ multiplets are extr apclat ior : s  from f requency ~nd in—
tensi ty considera t ions .

From our data , it was rc ssible to  make d e f i n i t i v e  t e s t s  of two
publi shed t h e o r e t i c al  ca lcu lat i cr .s ( l~~, l3~ wh i c h  attempted to id.ex :ti—
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Fig. 12. Quadratic Stark effect on Fig. 13. Schematic spectra
Vi~ , R~J = 1, n = 0 , r = 3 K 1) of vii ,  R (J)—multiplets.
pair in CH3OH.

fy the IF and N~~4W— S~~4W t ransi t ion. The results of hetercdyne spec—
troscopy for pumping CH3OH with the CC2 9P16 line is shown in Fig. ~I’ .
A strong CH3OH line lies within 105 ~~z of the CO 2 laser frequency.
This pumping frequency has produced
four NN~4W transitions and one S~~4W
transition , including the important
line at 1.217 mm (io) . Additional 

~ ~Ar\ (‘~‘\ ~measurements place the offset at 
~ \ f \ I I \ ~73 ± 15 p 1Hz. These data, when 

~
j
~j ~

j I

combined with the analysis of the - ~~~~~~~~~~

structure of the R(J 10) miiltipiets, I ~~~~~~ -
lead to an identification of the ‘-~~~~~

strong absorption lIne as the higher :
frequency R(J  = 10, n = 0 , r , K = 0)  

________ ____ __________

transition in partial agreement with
Ref. (17) and in disagreement with
the conclusion of Ref. (18). Simi— Fig. l~ . Heterodyr.e spectro-

lar methods also show that the scopy of vi , R ( J  10 , tC 0

assignment as an n = 1 transition transition in Ch3Oh.

(17) for the IR absorption in the Q branch associated with pumping by
the 9P31~ line may not be correct since a strong n = 0 line lies close
to the laser frequency.

From the etalon and heterodyne spectroscopy and the published
frequencies of isotope CO2 lasers, it has been possible to predict a

S 
near_coincidentj~ of an R(J = 6 , r~ = 0 , r , K = 3) line with the IIFL~8
line of the CO2 laser. Calculations are proceeding to predict also

_ _  
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